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Peroxisome proliferator-activated receptor gamma (PPARγ) regulates metabolic homeostasis and is a molecular 
target for anti-diabetic drugs. We report here the identification of a steroid receptor ligand, RU-486, as an unex-
pected PPARγ agonist, thereby uncovering a novel signaling route for this steroid drug. Similar to rosiglitazone, RU-
486 modulates the expression of key PPARγ target genes and promotes adipocyte differentiation, but with a lower 
adipogenic activity. Structural and functional studies of receptor-ligand interactions reveal the molecular basis for a 
unique binding mode for RU-486 in the PPARγ ligand-binding pocket with distinctive properties and epitopes, pro-
viding the molecular mechanisms for the discrimination of RU-486 from thiazolidinediones (TZDs) drugs. Our find-
ings together indicate that steroid compounds may represent an alternative approach for designing non-TZD PPARγ 
ligands in the treatment of insulin resistance.
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Introduction

Peroxisome proliferator-activated receptor gamma 
(PPARγ) is a nuclear receptor that plays key roles 
in regulating glucose homeostasis and adipocyte 
differentiation [1, 2]. The synthetic PPARγ ligands 
rosiglitazone (Avandia) and pioglitazone (Actos) are 
thiazolidinedione derivatives (TZDs) available currently 
for the treatment of type 2 diabetes. While improving 
insulin sensitivity and lowering plasma glucose levels, 
the clinical use of TZDs has been tempered by side 
effects such as edema, weight gain and increased 
incidence of heart attack [3, 4]. These adverse side effects 
may limit further development and clinical application 
of TZD-based PPARγ ligands. Indeed, the TZD drug 
Avandia was recently banned in Europe and was also 

restricted by FDA due to its cardiovascular risks. As 
such, a new drug-design strategy for the identification of 
novel PPARγ ligands is needed to yield more efficacious 
PPARγ-targeted drugs with reduced adverse effects [5].

The pharmacological actions of PPARγ ligands are 
mediated through the ligand-binding domain (LBD) of 
PPARγ that recruits a variety of nuclear receptor co-
activators (or co-repressors) to regulate its downstream 
target genes depending on the nature of ligands [6-10]. 
The large ligand-binding pocket seen in all three PPARs 
has a distinct three-arm Y-shape, allowing PPARs to 
bind singly branched ligands or ligands with multiple 
branches [11]. Aside from the size and shape, the overall 
hydrophobic nature of the ligand-binding pocket also 
plays a role in controlling the binding promiscuity of 
nuclear receptors to various lipid soluble ligands, which 
also raises challenging questions on ligand selectivity 
among many other nuclear receptor members [12]. 
Indeed, many undesired side effects of drugs targeting 
nuclear receptors are associated with the cross-reactivity 
of these ligands with other members in the nuclear 
receptor family. On the other hand, cross-reactivity may 
also offer opportunities to improve therapeutic efficacy 
of the ligands by providing additive or complementary 
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effects through simultaneously regulating several related 
targets [13, 14].

We report here the identification of the steroid com-
pound RU-486 as an unexpected PPARγ agonist and 
also the structural basis for its binding selectivity. RU-
486 (Mifepristone) is a steroid compound with many 
medical uses such as treatment of hypercortisolism [15, 
16]. Remarkably, RU-486 also displays anti-diabetic 
activities by reducing blood glucose levels and improv-
ing insulin sensitivity [17-20]. However, the molecular 
signaling pathway of RU-486 is not clear, except for its 
antagonist properties for steroid receptors. In this report, 
we attribute the medical effects of RU-486, at least in 
part, to its interaction with the nuclear receptor PPARγ, 
revealing a hitherto unidentified signaling route for this 
multifaceted drug. The structure of PPARγ complexed 
with RU-486 shows a unique binding mode of RU-486 
in the PPARγ ligand-binding pocket, with the receptor 
adopting the canonical active conformation. Site-directed 
mutations in the PPARγ ligand-binding pocket reveal a 
strong correlation of RU-486 binding and PPARγ activa-
tion. Moreover, RU-486 modulates the key PPARγ target 
genes expression in adipocyte differentiation, but shows 
a lower adipogenic activity than TZDs. Our observa-
tions therefore indicate that modifications based on RU-
486 may represent an alternative approach for designing 
non-TZD PPARγ ligands for the treatment of insulin 
resistance.

Results

Identification of RU-486 as a potent PPARγ ligand
To identify new PPARγ agonists, we screened 

chemical libraries based on the AlphaScreen biochemical 
assay, which is widely used for detecting ligand-
dependent interactions between nuclear receptors and 
their co-activators [21, 22]. As expected, results from 
Biomol FDA drug library revealed that TZD drugs 
pioglitazone and troglitazone acted as PPARγ activators, 
together with rosiglitzazone, which was used as a 
positive control (Supplementary information, Figure 
S1). Strikingly, the steroid compound RU-486 also 
substantially induced the co-activator-binding activity 
of PPARγ. To further examine the characteristics of RU-
486 in activating nuclear receptors, Cos7 cells were co-
transfected with a Gal4-driven reporter, together with 
plasmids encoding various nuclear receptor LBDs fused 
with the Gal4 DNA-binding domain. Consistent with 
previous observations, RU-486 showed a weak agonist 
activity on the glucocorticoid receptor (GR) in the 
absence of endogenous and exogenous glucocorticoids 
(Figure 1A) [23]. In agreement with the results from 

AlphaScreen biochemical assay, treatment of RU-486 
significantly induced the transactivation activity of 
PPARγ, with weak cross-reactivity for PPARα and δ 
(Figure 1A). In contrast, treatment of RU-486 had no 
impact on a variety of other nuclear receptors tested, 

Figure 1 RU-486 is a high affinity PPARγ agonist. (A) Receptor-
specific transactivation by RU-486. Cos7 cells were co-
transfected with pG5Luc reporter together with the plasmids 
encoding various nuclear receptors LBDs fused with the Gal4 
DNA-binding domain. After transfection, cells were treated 
with DMSO or 1 µM RU-486. (B) Dose responses of RU-486 
in transactivating PPARγ. Cos7 cells were co-transfected with 
plasmids encoding full-length PPARγ and a PPRE luciferase 
reporter. After transfection, cells were treated with DMSO or 
various concentrations of RU-486 and rosiglitazone. (C) PPARγ 
activation by RU-486 was inhibited by PPARγ antagonist 
GW9662. Cos7 cells were co-transfected with plasmids 
encoding full-length PPARγ and a PPRE luciferase reporter. 
After transfection, cells were treated with RU-486, together with 
various concentrations of GW9662.
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including retinoic acid receptor-α and -γ, thyroid 
hormone receptor-β, liver X receptor-β, or pregnane X 
receptor (Figure 1A). Unlike the antagonistic properties 
of RU-486 on progesterone receptor (PR) and GR, RU-
486 did not show inhibitory effects on PPARγ activity 
when tested with receptor-specific agonists (Supple-
mentary information, Figure S2). Moreover, RU-486-
induced PPARγ activity was also observed in the context 
of the full-length receptor and a PPARγ response reporter 
(Figure 1B). In addition, the full dose-response curve in 
vivo (Figure 1B) revealed that RU-486 activated PPARγ 
in a concentration-dependent manner. Further, RU-486-
mediated PPARγ activity was inhibited by the PPARγ-
specific antagonist GW9662 in cell-based reporter assays 
(Figure 1C) [24], all indicating that RU-486 is a bona 
fide PPARγ ligand.

To unravel the biochemical mechanism of PPARγ 
activation by RU-486, we determined the ability of RU-
486 in promoting recruitment of co-regulator motifs 
by PPARγ, using the AlphaScreen biochemical assay. 
As shown in Figure 2, both RU-486 and rosiglitazone 
strongly enhanced the interaction of PPARγ with various 
co-activator LXXLL motifs from the family of steroid 
receptor co-activators (SRC1-2, SRC1-4, SRC2-3 and 
SRC3-3), CBP and PGC-1α, but not a co-repressor motif 
from NcoR (NcoR-2), reaffirming that RU-486 functions 
as an agonist through direct binding to PPARγ. 

RU-486 regulates PPARγ-target genes in adipocytes
To further assess the effects of RU-486 on the 

Figure 2 The transcriptional properties of PPARγ in response to 
RU-486 ligand. RU-486 promotes the interaction of co-activator 
LXXLL motifs with PPARγ. Modulation of the interaction of 
PPARγ LBD with various co-activator LXXLL motifs and co-
repressor motifs in response to 1 µM RU-486 was shown by 
AlphaScreen assays. The peptide sequences are listed in 
experimental procedures.

physiological function of PPARγ, we studied PPARγ-
activated adipogenesis in 3T3-L1 preadipocyte cells. 
Compared with rosiglitazone, RU-486 induced weaker 
adipocyte differentiation, as indicated by oil red O stain-
ing (Figure 3A). We further performed PPARγ-target 
gene analysis of 3T3-L1 cells treated with RU-486. 
Similar to rosiglitazone, RU-486 also autoregulated the 
expression of the PPARγ2 gene  [25] (Figure 3B). As 
shown in Figure 3B, the expression of differentiation-
dependent PPARγ-target genes, such as aP2 [26], LPL 
[27], CD36  [28] and adiponectin [29], was also induced 
by RU-486, but to a lower extent than rosiglitazone. As 
such, the gene expression profile analysis is consistent 
with the results of oil red O staining. Further, RU-486-

Table 1  Data collection and refinement statistics 
 PPARγ/RU-486
Data collection 
Space group C 2 2 21
Cell dimensions 
    a, b, c (Å) 53.22, 95.78, 125.29
    α, β, γ    (°)  90, 90, 90
Resolution (Å) 50.0-2.5(2.54-2.50) *
Rsym  0.068(0.482)
I / σ 65.4(2.5)
Completeness (%) 99.6(97.1)
Redundancy 8.6(4.7)
Refinement 
Resolution (Å) 31.4-2.5
No. reflections 11435
Rwork / Rfree 19.6/27.7
No. atoms 
    Protein 2207
    Ligand/ion 32
    Water 5
B-factors 
    Protein 67.8
    Ligand/ion 67.1
    Water 53.3
R.m.s. deviations 
    Bond lengths (Å) 0.009
    Bond angles (°) 1.4

*Values in parentheses are for highest-resolution shell. r.m.s.d is the 
root mean square deviation from ideal geometry of protein
aRsym =∑ | Iavg  - Ii | / ∑ Ii
bRfactor = ∑ | FP - FPcalc | / ∑ Fp  , where Fp and Fpcalc are observed and cal-
culated structure factors, R free was calculated from a randomly chosen 
8% of reflections excluded from refinement and R factor was calculated 
for the remaining 92% of reflections.
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mediated PPARγ-target gene regulation was reduced 
by the PPARγ-specific antagonist GW9662, reaffirming 
that RU-486 affects gene expression at least in part by 
directly activating PPARγ (Supplementary information, 
Figure S3). Overall, these results indicate that RU-486 
is a potent activator of PPARγ-responsive genes during 
adipocyte differentiation but with a lesser effect on adi-
pogenesis, suggesting a potential advantage over TZD 
drugs.

Structural analysis of the PPARγ LBD in complex with 
RU-486

To determine the molecular basis for the high bind-
ing affinity of RU-486 by PPARγ, we solved the crystal 
structure of PPARγ complexed with RU-486, and the 
SRC1-2 LXXLL motif at 2.5 Å resolution. The data sta-
tistics and the refined structures are summarized in Table 
1 . The structure reveals that the RU-486-bound PPARγ 

LBD adopts a canonical active conformation that re-
sembles the rosiglitazone-bound PPARγ structure (Figure 
4A) [30, 31]. Specifically, the PPARγ LBD is composed 
of 13 α-helices and four short β-strands that are folded 
into a three-layer helical sandwich. The C-terminal AF-2 
helix is positioned in the active conformation by packing 
tightly against the main domain of the LBD. 

PPARγ/RU-486 and PPARγ/rosiglitazone displayed 
a similar LBD structure with both ligands docking at 
a similar binding site in the PPARγ pocket (Figure 5A 
and 5B). Superposition of the ligand-bound structures 
revealed that the steroid core of RU-486 aligned well 
with rosiglitazone, suggesting that the steroid core 
occupies a well-conserved ligand-binding site in PPARγ 
(Figure 4B). In fact, this is also the very location that 
accommodates various endogenous PPARγ ligands [32, 
33]. In addition to the conserved binding mode by the 
steroid core, the distinct dimethylaniline side chain of 

Figure 3 RU-486 regulates PPARγ-target genes in adipogenesis and adipocytes. (A) Oil red O staining of 3T3-L1 cells after 
treatment with 1 µM ligands indicated for 7 days. (B) Gene expression profile during the adipocyte differentiation of 3T3-L1 
cells induced by 1 µM ligands indicated.
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RU-486 was apparent from the highly revealing elec-
tron density map shown in Figure 4C. The binding of 
RU-486 to PPARγ was stabilized by a combination of 
hydrogen bonds and hydrophobic interactions (Figure 
4D). Compared with rosiglitazone, the shorter steroid 
core of RU-486 resulted in fewer contacts with residues 
that outline the cavity (Figure 4B). However, the loss of 
these hydrophobic contacts was compensated by several 
hydrogen bonds and hydrophobic interactions created by 

the dimethylaniline side chain of RU-486, which were 
not observed in the rosiglitazone-bound PPARγ structure 
(Figure 4D).

RU-486 possesses antagonist activity for steroid re-
ceptors such as the GR. The opposing roles of RU-486 in 
GR and PPARγ can be possibly explained by the specific 
position of the RU-486 dimethylaniline side chain in 
the PPARγ pocket. Superposition of the RU-486/PPARγ 
structure with RU-486/GR structure revealed two distinct 

Figure 4 Recognition of RU-486 by PPARγ. (A) The structures of RU-486 bound with PPARγ LBD in ribbon representation. 
PPARγ LBD is colored in blue and the SRC1 motif is in yellow. The bound RU-486 is shown in stick representation with 
carbon and oxygen atoms depicted in green and red, respectively. (B) Superposition of RU-486 (green) with rosiglitazone 
(purple). (C) 2Fo-Fc electron density map (1.0 σ) showing bound RU-486 to the PPARγ LBD. The bound RU-486 is shown in 
stick representation with carbon and oxygen atoms depicted in green and red, respectively. (D) Schematic representation of 
PPARγ-RU-486 interaction. The residues labeled red are unique contacts for RU-486 not observed for rosiglitazone, while the 
residue in blue indicates the one that lost contact with RU-486. Key hydrocarbon positions of RU-486 molecule are indicated. 
Hydrophobic interactions are indicated by lines and hydrogen bonds are indicated by arrows from proton donors to acceptors.
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orientations of RU-486 binding (Figure 5C and 5D). In 
RU-486/GR structure, the dimethylaniline side chain 
of RU-486 points to helix 12 (AF-2), thus interfering 
with the configuration of the active conformation of 
GR [34]. Interestingly, the binding mode of RU-486 
to PR was similar to that of GR [35]. In contrast to the 
binding mode of RU-486 to the steroid receptors GR and 
PR, the dimethylaniline side chain of RU-486 adapts to 
the specific microenvironment in PPARγ composed of 
residues from helix 3, helix 5 and a loop between helix1 
and helix 2 (Figures 4A and 5B). Instead of pointing 
to helix 12 (AF-2) as observed in steroid receptors, the 
dimethylaniline side chain orientates toward helix 5 of 

PPARγ (Figures 4A, 5C and 5D). Overall, the three-
dimensional structure provides critical insights into the 
molecular basis for the function of RU-486 as a potent 
PPARγ activator and informs the design of RU-486 
derivatives with improved selectivity to PPARγ.

The unique binding mode of RU-486 in the PPARγ pocket
To validate the roles of pocket residues in RU-486 

binding and PPARγ activation, we mutated several 
key residues that contact different groups of RU-486 
and tested the transcriptional activity of these mutated 
PPARγ in response to RU-486 in cell-based reporter 
assays using full-length PPARγ and a PPARγ response 

Figure 5 Superposition of the RU-486-bound PPARγ to rosiglitazone-bound PPARγ and RU-486-bound GR LBD. (A, B) 
Overlays of the PPARγ-RU486 structure (blue) with the PPARγ-rosiglitazone (gold) structure, where ligand RU-486 is in green 
and rosiglitazone is in purple. (C, D) Overlays of the PPARγ-RU486 structure (blue) with the GR-RU-486 structure (cyan), 
where ligand RU-486 is in green for PPARγ and the GR-bound RU-486 is in yellow. The dashed arrows indicate the positions 
of the dimethylaniline side chain of RU486.
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Figure 6 Functional correlation of the RU-486/ PPARγ interactions. (A-D) Molecular determinants of the interaction between 
PPARγ with ligand RU-486. Overlays of the PPARγ-RU-486 structure (blue) with the PPARγ-rosiglitazone (gold) structure, 
where ligand RU-486 is in green and rosiglitazone is in purple. The hydrophobic interactions and hydrogen bonds are 
shown with lines and arrows, respectively. The potential hydrophobic interactions and hydrogen bonds, if the corresponding 
mutations are made as indicated in E, are shown in dashed lines and dashed arrows, respectively. The blue lines indicate 
the interactions between PPARγ and RU-486, while the gold lines indicate the interaction between PPARγ and rosiglitazone. 
(E) Effects of mutations of key PPARγ residues on its transcriptional activity in response to RU-486 in cell-based reporter 
gene assays. Cos7 cells were co-transfected with plasmids encoding full-length PPARγ or PPARγ mutants as indicated in the 
figure together with a PPRE luciferase reporter. The cells were treated with 1 µM RU-486 and rosiglitazone, respectively. The 
dashed line indicates the activation level of wild-type PPARγ by RU-486.
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reporter. R288, A292 and I326 are three PPARγ pocket 
residues that form contacts with the dimethylaniline side 
chain of RU-486 (Figure 6A). Three mutations were 
designed to reduce the size of the pocket arm in PPARγ 
that accommodates the dimethylaniline side chain by 
changing the corresponding residue to a tryptophan, 
thereby preventing the binding of the bulky RU-486 
ligand. In contrast to interfering with RU-486 binding, 
these mutations were predicted to stabilize the rosigli-
tazone-bound PPARγ structure by filling up the empty 
arm not occupied by rosiglitazone with bulky tryptophan 
side chains. Accordingly, all three mutations abolished 
or substantially reduced RU-486-mediated PPARγ tran-
scriptional activity, but the mutants retained the ability 
to be activated by rosiglitazone (Figure 6E). In addition, 
the nitrogen on the dimethylaniline side chain of RU-
486 forms a hydrogen bond with R288 (Figure 6A). 
Mutation of this residue to the hydrophobic leucine de-
creased the activation PPARγ by RU-486, but enhanced 
the activation PPARγ by rosiglitazone (Figure 6E). To-
gether, these data suggest that interactions between the 
dimethylaniline side chain of RU-486 and PPARγ are 
required for stable binding of RU-486.

The 17β-hydroxy group of the steroid core of RU-
486 forms several hydrogen bonds with the surround-
ing PPARγ residues, including Y327 from helix 5 and 
H449 from helix 10 (Figure 4D). These interactions were 
observed for both RU-486- and rosiglitazone-bound 
PPARγ, thereby supporting a critical conserved mecha-
nism for ligand-mediated activation of PPARγ. Interest-
ingly, the 17-(1-propynyl) group and the D ring of RU-
486 formed a stronger hydrophobic environment instead 
of a hydrophilic one for the corresponding position 
of rosiglitazone (Figure 6B and 6D). Accordingly, 
PPARγ displayed a great conformational flexibility to 
accommodate different bound ligands. Conformational 
changes in two surrounding pocket residues (F282 and 
F363) were evidenced when the RU-486/PPARγ com-
plex was overlaid on the rosiglitazone/PPARγ structure 
(Figure 6B and 6C). The hydrophobic side chains of 
F282 and F363 shifted from their rosiglitazone-bound 
conformation toward the hydrophobic group of RU-486, 
thus stabilizing RU-486 binding by making additional 
hydrophobic interactions with RU-486. The mutations 
disrupting these interactions showed distinct results on 
the activation of PPARγ by RU-486 and rosiglitazone, 
highlighting the differential roles of these residues in 
recognizing RU-486 and rosiglitazone (Figure 6E).

Notably, while a hydrogen bond between the ligand 
and Y473 on helix 12 is critical in rosiglitazone-bound 
PPARγ, it is not seen in the RU-486-occupied receptor 
structure due to the hydrophobic nature of the 17-(1-

propynyl) group at this position (Figure 6D). As such, a 
Y473F mutation should favor the hydrophobic interac-
tion between PPARγ and RU-486 (Figure 6D). Indeed, 
the RU-486-mediated PPARγ transcriptional activity was 
substantially increased by this mutation, while rosiglita-
zone-mediated activity was decreased (Figure 6E), fur-
ther affirming that the PPARγ ligand-binding pocket has 
unique properties that dictate the discrimination between 
RU-486 and rosiglitazone.

Discussion

RU-486 (Mifepristone) was developed as a GR 
antagonist that also shows anti-progestin and anti-
androgen activities. In this paper, we have used structural 
studies in combination with biochemical and gene 
expression analysis to provide strong evidence that the 
steroid compound RU-486 is also a unique PPARγ ligand. 
First, RU-486 is able to activate the transcriptional 
activity of PPARγ LBD and full-length PPARγ in cell-
based reporter assays. In addition, RU-486-mediated 
PPARγ activity was inhibited by the PPARγ-specific 
antagonist GW9662. Second, the interaction of PPARγ 
with co-activators was enhanced by the binding of this 
ligand. Further, the crystal structure of PPARγ complexed 
with RU-486 has revealed a clear binding mode of the 
RU-486 ligand in which the steroid core occupies the 
conserved ligand-binding pocket, and the unique side 
chain adopts a distinct binding mode with new epitopes 
on PPARγ. The RU-486-bound PPARγ adopts an active 
conformation, further underscoring the agonist nature 
of this ligand. Moreover, the biological significance of 
RU-486 binding to PPARγ was further supported by 
the adipocyte gene expression analysis in 3T3-L1 cells. 
Taken together, we have provided convincing evidence 
that RU-486 regulates the transcriptional activity of 
PPARγ by binding to its LBD.

The specific interactions between the critical LBD 
residues of PPARγ and RU-486 provide critical perspec-
tives regarding the recognition of RU-486 by PPARγ. 
Our structural observations indicate that the PPARγ 
ligand-binding pocket has a unique shape, carrying both 
hydrophilic and hydrophobic properties that allow for 
discrimination of various ligands. Compared with the 
rosiglitazone/PPARγ structure, RU-486 initiates several 
new contacts with PPARγ through its dimethylaniline 
side chain to offset the loss of interactions with a few 
residues on PPARγ including one critical epitope on the 
AF-2 helix, which is used by both natural PPARγ li-
gands and synthetic TZDs [32, 33]. The cavity occupied 
by the dimethylaniline side chain belongs to one arm 
of the Y-shaped pocket, which is highly conserved 
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among all three PPARs. However, the epitopes on this 
arm cavity have not been entirely used by previously 
identified PPARγ ligands like rosiglitazone, despite that 
these residues are known to align around the PPARγ 
pocket. The differential binding modes of RU-486 vs the 
therapeutic drug TZDs may subsequently impart the dif-
ferential modulation of the overall structure of PPARγ, 
thereby affecting target gene regulation and physiologi-
cal outcomes induced by various PPARγ ligands. Thus, 
the unique characteristics of the dimethylaniline side 
chain may represent a new pharmacophore that can be 
optimized for selectively targeting PPARγ.

The physiological function of RU-486 has been 
linked to steroid hormone receptor signaling pathways. 
Indeed, RU-486 was initially developed as an antagonist 
targeting GR and has many clinical values including 
therapeutic potentials for hypercortisolism in Cushing’s 
syndrome. Notably, RU-486 has also been shown to 
improve insulin sensitivity in rodents [20]. In fact, the 
glucocorticoid antagonism regulates both hepatic and ad-
ipocyte gene expression, which improves glucose control 
in diabetic animal models [20, 36]. Our results indicate 
that at least part of the RU-486 effects are in fact through 
targeting the nuclear receptor PPARγ and PPARγ-target 
genes, thus uncovering a novel signaling route for RU-
486. Of note, the pharmacological effects of PPARγ acti-
vation by various ligands are involved in both adipogenic 
and the anti-diabetic regulation in the adipocyte [37, 38]. 
Interestingly, it has been reported that RU-486 treatment 
did not cause the body weight gain, which is a side 
effect of rosiglitazone [17, 18]. In agreement with this 
beneficial role of RU-486, our adipocyte gene expression 
analysis indicates a weaker adipogenic activity of RU-
486 compared to rosiglitazone. Intriguingly, the extent 
of PPARγ activation does not correlate with insulin 
sensitivity. In fact, mice with heterozygous loss of the 
PPARγ gene showed improved insulin sensitivity [39]. 
Several PPARγ agonists with weaker or partial activity 
display greater anti-diabetic potency [40, 41]. Similarly, 
the distinct properties of RU-486 may provide a novel 
means for the activation of PPARγ or the treatment of 
PPARγ-regulated diseases including insulin resistance.

The discovery of RU-486 as a potent PPARγ ligand 
suggests further functional links between the roles of 
steroid receptors and PPARγ signaling in adipocyte 
differentiation and glucose metabolism. Since RU-
486 interacts with both PPARγ and steroid receptors, 
the structural mechanism may provide a basis for 
designing RU-486-based compounds that can be used 
more specifically either for PPARγ- or GR-regulated 
diseases, or for a combinatorial therapy. However, the 
antagonistic activity of RU-486 towards PR and GR 

has been associated with many undesired side effects. 
The beneficial and side effects arising from the cross-
interaction with each receptor can be optimized by 
designing new RU-486-based compounds with more 
selectivity toward PPARγ or steroid receptors. Apart 
from the drug design, further elucidation of these two 
disparate signaling pathways of PPARγ and GR by using 
the RU-486-based compounds should reveal specific 
molecular basis for their roles in glucose homeostasis.

Materials and Methods

Protein preparation
The human PPARγ LBD (residues 206-477) was expressed 

as N-terminal 6× His fusion protein from the expression vector 
pET24a (Novagen). BL21 (DE3) cells transformed with each 
expression plasmid were grown in LB broth at 25 °C to an 
OD600 of ~1.0 and induced with 0.1 mM isopropyl 1-thio-β-
D-galactopyranoside (IPTG) at 16 °C. Cells were harvested 
and sonicated in 200 ml extraction buffer (20 mM Tris pH 8.0, 
150 mM NaCl, 10% glycerol and 25 mM imidazole) per 6 l of 
cells. The lysate was centrifuged at 20 000 rpm. for 30 min, and 
the supernatant was loaded on a 5 ml NiSO4-loaded HisTrap 
HP column (GE Healthcare). The column was washed with 
extraction buffer and the protein eluted with a gradient of 25-
500 mM imidazole. The PPARγ LBD was further purified with 
a Q-Sepharose column (Amersham Biosciences). To prepare the 
protein-ligand complex, we added a five-fold excess of the RU-
486 ligand (11β-(4-Dimethyl amino) phenyl-17β-hydroxy-17-(1-
propynyl) estra-4,9-dien-3-one) to the purified protein, followed by 
filter concentration to 10 mg/ml. The PPARγ LBD was complexed 
with two-fold of SRC1 peptide (SLTERHKILHRLLQEGSP) 
before filter concentration.

Crystallization, data collection and structure determination
The crystals of PPARγ/RU-486 complex were grown at room 

temperature in hanging drops containing 1.0 µl of the above 
protein-peptide solutions and 1.0 µl of well buffer containing 
0.2 M succinic acid, pH 7.0, and 25% PEG 3350. The crystals 
were directly flash frozen in liquid nitrogen for data collection. 
Diffraction data were collected with a MAR300 CCD detector 
at the ID line of sector-21 at the Advanced Photon Source. The 
observed reflections were reduced, merged and scaled with 
DENZO and SCALEPACK in the HKL2000 package [42]. The 
structures were determined by molecular replacement in the CCP4 
suite (http://www.ccp4.ac.uk). Manual model building was carried 
out with Coot [43], followed by REFMAC refinement in the CCP4 
suite.

Cofactor binding assays
The binding of the various peptide motifs to PPARγ LBD in 

response to ligands was determined by AlphaScreen assays, using 
a hexahistidine detection kit from Perkins-Elmer as described 
[22]. The experiments were conducted with approximately 20-
40 nM receptor LBD and 20 nM biotinylated cofactor peptides 
in the presence of 5 µg/ml donor and acceptor beads in a buffer 
containing 50 mM MOPS, 50 mM NaF, 0.05 mM CHAPS and 0.1 
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mg/ml bovine serum albumin, all adjusted to a pH of 7.4.
The peptides with an N-terminal biotinylation are listed below:
SRC1-2, SPSSHSSLTERHKILHRLLQEGSP; 
SRC1-4, QKPTSGPQTPQAQQKSLLQQLLTE; 
SRC2-3, QEPVSPKKKENALLRYLLDKDDTKD;
SRC3-3, PDAASKHKQLSELLRGGSG
PGC-1α-1, AEEPSLLKKLLLAPA; 
CBP-1, SGNLVPDAASKHKQLSELLRGGSG; 
NCOR-2, GHSFADPASNLGLEDIIRKALMGSF.

Transient transfection assay
Cos-7 cells were maintained in DMEM containing 10% 

fetal bovine serum (FBS) and were transiently transfected using 
Lipofectamine 2000 (Invitrogen) [22]. All mutant PPARγ plasmids 
were created using the Quick-Change site-directed mutagenesis 
kit (Stratagene). Before 24 h of transfection, 24-well plates were 
plated (5 × 104 cells per well). For Gal4-driven reporter assays, 
the cells were transfected with 200 ng Gal4-LBDs of various 
nuclear receptors and 200 ng of pG5Luc reporter (Promega). For 
native promoter reporter assays, the cells were co-transfected with 
plasmids encoding full-length nuclear receptors and their cognate 
luciferase reporters as follows: three human PPAR subtypes (α, δ 
and γ) and PPRE-Luc. Ligands were added 5 h after transfection. 
Cells were harvested 24 h later for the luciferase assays. Luciferase 
activities were normalized to Renilla activity co-transfected as an 
internal control.

3T3-L1 differentiation and RNA analysis
3T3-L1 preadipocytes were maintained in growth media 

containing 10% FBS and differentiated as described previously 
[40]. Briefly, for ligand-induced adipocyte differentiation, cells 
were treated with 1 µM rosiglitazone or RU-486 2 days after 
confluence. The cells were then stained with a filtered Oil Red O 
stock solution (0.5 g of Oil Red O (Sigma, St. Louis, MO) in 100 
ml of isopropyl alcohol) for 15 min at room temperature.

Total RNA was extracted from 3T3-L1 cells with Trizol reagent 
(Life Technologies, Inc). RNA was reverse transcribed using the 
iScript cDNA Synthesis Kit (Bio-Rad). Real-time quantitative PCR 
analysis was performed using Power SYBR Green PCR Master 
Mix (Applied Biosystems). The primer sequences of all genes 
were reported before [5]. The mRNA expression was normalized 
to 36B4.

Accession numbers
Coordinates and structure factors for the PPARγ/RU-486 com-

plex are available in the Protein Data Bank (http://www.rcsb.org/) 
under ID code 3QT0.
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